Both self-renewal and lineage-specific differentiation of mesenchymal stem cells (MSCs) are triggered by their in vivo microenvironment including the extracellular matrix (ECM) and secreted hormones. The ECM may modulate the physiological functions of hormones by providing binding sites and by regulating downstream signaling pathways. Thus, the purpose of this study was to evaluate the degree of adsorption of melatonin to a natural cell-deposited ECM and the effects of this interaction on the biological functions of melatonin in human bone marrow-derived MSCs (BM-MSCs). The fibrillar microstructure, matrix composition, and melatonin-binding affinity of decellularized ECM were characterized. The cell-deposited ECM improved melatonin-mediated cell proliferation by 31.4%, attenuated accumulation of intracellular reactive oxygen species accumulation, and increased superoxide dismutase (SOD) mRNA and protein expression. Interaction with ECM significantly enhanced the osteogenic effects of melatonin on BM-MSCs by increasing calcium deposition by 30.5%, up-regulating osteoblast-specific gene expression and down-regulating matrix metalloproteinase (MMP) expression. The underlying mechanisms of these changes in expression may involve intracellular antioxidant enzymes, because osteoblast-specific genes were down-regulated, whereas MMP expression was up-regulated, in the presence of SOD-specific inhibitors. Collectively, our findings indicate the importance of native ECM in modulating the osteoinductive and antioxidant effects of melatonin and provide a novel platform for studying the biological actions of growth factors or hormones in a physiologically relevant microenvironment. Moreover, a better understanding of the enhancement of MSC growth and osteogenic differentiation resulting from the combination of ECM and melatonin could improve the design of graft substitutes for skeletal tissue engineering.
Introduction
The pluripotency of mesenchymal stem cells (MSCs) makes them a promising cell source for tissue engineering and regenerative medicine. In addition, MSCs can easily be isolated from various adult tissues, especially from the bone marrow (BM; Pittenger et al. 1999) ; MSCs in the BM (BM-MSCs) were discovered on the basis of their ability to attach to culture plates. Their extensive proliferation capacity, multilineage differentiation potential, and ability to evade the immune system have stimulated great interest in the possibility of utilizing MSCs in clinical applications (Jiang et al. 2002) . BM-MSCs most often reside in the BM microenvironment, where extrinsic or intrinsic signaling factors can drive BM-MSCs out of quiescence and toward replication or differentiation. This microenvironment consists of a calcified extracellular matrix (ECM), growth factors, cytokines, platelet-rich plasma, hormones, and several types of cells such as osteocytes, osteoclasts, and hematopoietic cells (Hamilton & Campbell 1991) .
Bone structures undergo a continuous remodeling process of resorption and formation via osteoclasts and osteoblasts, which are responsible for destroying the old bone architecture and building a new one respectively (Lopez-Martinez et al. 2012) . Osteoporosis, a bone disease characterized by low bone mass and micro-architectural deterioration, is caused by dysfunction of both cell types (Sanchez-Barcelo et al. 2010) . Along with systemic hormones and growth factors, melatonin (N-acetyl-5-methoxytryptamine) is an important mediator in bone formation and mineralization, and ultimately regulates the balance of bone remodeling (Cardinali et al. 2003) . Melatonin is synthesized and secreted by the pineal gland; it is present at high levels in the BM (Tan et al. 1999) and is known for its antioxidant properties (Poeggeler et al. 1993) . Specifically, it reduces oxidative damage by directly scavenging free radicals and thereby protects cells from pro-inflammatory cytokines . The beneficial effects of melatonin on bone metabolism have been detected in numerous studies. As a night supplement, melatonin improves bone health and prevents bone loss in perimenopausal women without major side effects (Kotlarczyk et al. 2012) . In addition, melatonin exerts an osteoinductive effect by promoting osteogenic maturation of human adult MSCs , as well as cartilage matrix synthesis by articular chondrocytes ).
The ECM plays a critical role not only in providing the architectural framework and giving rise to the biomechanical properties of bone, but also in regulating BM-MSC survival, adhesion, migration, proliferation, and differentiation. In recent studies, ECM has been treated to remove the cells that deposited it, and has been then utilized to facilitate large-scale and rapid expansion of MSCs; MSCs cultured in such ECM retain their stem cell properties ). It has been proposed that this decellularized ECM creates an in vitro extracellular microenvironment for stem cells that is capable of influencing their proliferation, lineage-specific differentiation, and cell-matrix interactions (He & Pei 2013 . More importantly, growth-promoting factors have been found to bind to ECM (Chen et al. 2007 ) and this adsorption onto decellularized ECM enhances the osteogenic maturation of calvarial osteoblasts (Bhat et al. 2011) . However, studies investigating the interplay between bone ECM and melatonin are rare, and the effects of this interaction on stem cell behaviors need to be elucidated. Therefore, the aim of this study was to evaluate the role of natural ECM in modulating the biological functions of melatonin in MSCs.
We proposed the hypothesis that, relative to unbound melatonin, melatonin bound to decellularized ECM would exhibit distinct antioxidant and osteoinductive effects on BM-MSCs. To test this hypothesis, BM-MSCs were cultured on decellularized ECM, or on tissue culture polystyrene (TCPS), with or without melatonin. Production of intracellular reactive oxygen species (ROS), antioxidant enzyme activity, cellular proliferation, osteogenic differentiation, and matrix degradation were assayed under these conditions.
Materials and methods
Reagents BM-MSCs were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). TCPS plates were purchased from Costar (Corning, Tewksbury, MA, USA). Protease inhibitor tablets, fetal bovine serum (FBS), alpha minimum essential medium (a-MEM), and DMEM were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Penicillin, streptomycin, and TRIzol reagent were purchased from Invitrogen. Gelatin, glutaraldehyde, ethanolamine, Triton X-100, NH 4 OH, DNase I, BSA, papain, methanol, paraformaldehyde, dexamethasone, L-ascorbic acid, b-glycerophosphate, melatonin, diethyldithiocarbamate (DDC), 2-methoxyestradiol (2-ME), and 2 0 ,7 0 -dichlorofluorescein diacetate (DCF-DA)
were purchased from Sigma Chemical Co. Primary antibodies against type I collagen, type III collagen, fibronectin, laminin, copper-zinc superoxide dismutase (CuZn-SOD/SOD1), manganese superoxide dismutase (Mn-SOD/SOD2), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased from Abcam (Cambridge, MA, USA). Primary antibody against decorin was obtained from Santa Cruz Biotechnology. Primary antibody against melatonin was obtained from Biorbyt Ltd (Cambridge, UK).
Preparation of decellularized ECM deposited by BM-MSCs
The TCPS plates were pretreated with 0.2% gelatin for 1 h at 37 8C, and then with 1% glutaraldehyde and 1 M ethanolamine, sequentially, for 30 min each, at room temperature. BM-MSCs were seeded on pretreated plates in a growth medium (a-MEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin). Once the cells reached 80-90% confluence, 100 mM of L-ascorbic acid was added, and cells were cultured for an additional 8 days. To obtain acellular ECM, the cultured cells were incubated in an extraction buffer, consisting of PBS, 0.5% Triton X-100, and 20 mM NH 4 OH, at a pH of 7.4, for 5 min, and then treated with 100 U/ml of DNase I for 1 h at 37 8C. Decellularized ECM was washed with PBS and stored under sterile conditions at 4 8C.
Ultra-structural characterization of decellularized ECM by transmission electron microscopy
The decellularized ECM was fixed in a mixture of 2.5% glutaraldehyde and 2% paraformaldehyde, and then incubated in 1% OsO 4 (Sigma) for 1.5 h at room temperature. After rinsing with PBS, ECM was dehydrated in increasing concentrations of ethanol (50, 70, 80, 90, and 100%) and then soaked in acetone (Sigma) for 15 min. After overnight incubation in an embedding medium (eponate 12, DDSA, NMA, and DMP-30, Sigma), the sample was polymerized at 60 8C for 48 h. Sections, of 50-nm thickness, were cut with an ultramicrotome (Leica EM UC6; Leica Microsystems, Wetzlar, Germany). The samples were double-stained with uranyl acetate and lead citrate, and then examined with a transmission electron microscope at 80 kV (Tecnai G2 spirit TWIN; FEI Company, Hillsboro, OR, USA).
Morphological characterization of decellularized ECM by scanning electron microscopy
The decellularized ECM was fixed in 2.5% glutaraldehyde and dehydrated in increasing concentrations of ethanol (50, 75, 80, 95, and 100%) . The morphology of decellularized ECM was examined with a scanning electron microscope (SEM; S-520; Hitachi High-Technologies).
Immunofluorescence staining
The cell-deposited ECM was first fixed in ice-cold methanol and then blocked in 1% BSA, and then incubated in appropriately diluted primary antibodies. After rinsing with PBS, ECM was incubated in secondary antibody (Alexa Fluor 488 donkey anti-mouse or antirabbit IgG (HCL), Invitrogen). The cell nuclei were stained using ProLong Gold Antifade Reagent with DAPI (Invitrogen). The fluorescence images were obtained using an Olympus IX71 microscope (Olympus Corporation) and processed with Image-ProPlus Software (Media Cybernetics, Inc., Rockville, MD, USA).
HPLC-based assay for melatonin adsorption to decellularized ECM
The decellularized ECM or TCPS was exposed to 100 mM melatonin in PBS (pH 7.4) at 37 8C in 5% CO 2 . At different time points (0, 0.5, 1, 2, 4, 6, 12, 24, 48 , and 72 h), the concentration of melatonin remaining in solution was determined by HPLC (Agilent Technologies, Santa Clara, CA, USA) with a ZORBAX Eclipse XDB-C18 column (Agilent Technologies). Three samples, each 10 ml in volume, were injected at each time point, and the mobile phase (55% methanol/45% water, v/v) was delivered at 1.0 ml/min. The melatonin in the column effluent was measured using a u.v. detector at 222 nm.
Cell culture of BM-MSCs
The BM-MSCs were cultured in a growth medium at 37 8C in 5% CO 2 and were detached using 0.25% Trypsin-EDTA solution (Invitrogen). To investigate the effect of decellularized ECM on melatonin-mediated cell proliferation, BM-MSCs were cultured in tissue culture plates with either a conventional TCPS surface or a layer of ECM, either without melatonin or supplemented with 10 nM, 1 mM, or 100 mM melatonin. The cells were cultured for 5 days, and the medium was replaced every other day.
Fluorescein diacetate labeling
The BM-MSCs were washed with PBS and then incubated in 5 mg/ml fluorescein diacetate (FDA) solution at 37 8C for 10 min. The cells were washed again with PBS, and the fluorescence images were captured with an Olympus IX71 microscope and processed with ImageProPlus Software.
Cell proliferation assay
The BM-MSCs were seeded on TCPS or on ECM, and cultured in 0 nM, 10 nM, 1 mM, or 100 mM melatonin, in quintuplicate wells. After 5 days, the total DNA content in each well, as a proxy for the number of cells, was measured with the Quant-iT PicoGreen dsDNA Assay Kit (P7589, Invitrogen), following the manufacturer's instructions. Briefly, 200 ml of papain lysis buffer (125 mg/ml in PBS) was added to each well, and the cells were lysed at 60 8C for 4 h. Equal quantities of lysates and of PicoGreen reagent were added to the corresponding wells of a 96-well plate, and resulting samples were incubated in the dark, at room temperature, for 5 min, to bind the fluorescent dye to lysate DNA. Fluorescence of the samples was measured using a SynergyMx multi-mode microplate reader (BioTek, Winooski, VT, USA) at 485/520 nm (excitation/emission), alongside a standard curve.
Measurement of intracellular ROS production
Intracellular ROS was quantified by the DCF-DA fluorescence method. Briefly, for each experimental condition, 2!10 5 cells were incubated, in quadruplicate, in 10 mM of DCF-DA for 10 min at 37 8C. The fluorescence intensity of the product of the reaction between DCF-DA and ROS was measured using a BD dual-laser FACSCalibur (BD Biosciences, San Jose, CA, USA), and 10 000 events from each cell sample were analyzed using the Windows Multiple Document Interface for Flow Cytometry (WinMDI) 2.9 Software.
SOD activity assay
The activity of SOD was assessed with a commercially available SOD assay kit (Sigma), according to the manufacturer's instructions. The BM-MSCs were detached and suspended in cell lysis solution to produce four lysates, each from cells cultured on ECM or on TCPS, with or without 100 mM melatonin. Total lysate proteins were quantified with a BCA protein assay kit (Beyotime, Haimen, Jiangsu, China). Each lysate was mixed with WST solution from the kit and incubated at 37 8C for 20 min. Absorbance was measured at 450 nm using a microplate reader (BioTek).
Antioxidant inhibitor assay
The cells were cultured on TCPS or on ECM and treated with 50 mM DDC, an inhibitor of CuZn-SOD, for 1.5 h, or with 1 mM2-ME, an inhibitor or Mn-SOD, for 24 h (or were left untreated) before incubation with or without 100 mM melatonin (Dumay et al. 2006) .
Osteogenic differentiation of BM-MSCs
The BM-MSCs were cultured in a differentiation medium (DMEM supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, 0.2 mM L-ascorbic acid, 100 nM dexamethasone, and 10 mM b-glycerophosphate) for 14 days to induce osteogenic differentiation. ECM calcification (a differentiation marker) was assessed by staining with 0.5% alizarin red solution (Sigma). To quantify the calcium deposition, the stained cultures were incubated in 500 ml of 1% hydrochloric acid (Sigma) to extract calciumbound alizarin red. Absorbance of the extracted stain was measured at 420 nm using a microplate reader (BioTek).
Total RNA extraction and real-time RT-PCR
Total RNA was extracted (from four groups of cells per experimental condition) with TRIzol reagent, and 1 mg of total RNA was reverse-transcribed using the PrimeScript RT Reagent Kit (TaKaRa, Mountain View, CA, USA). To quantify the mRNA expression, an amount of cDNA equivalent to 20 ng of total RNA was amplified by real-time PCR using the GoTaq qPCR Master Mix Kit (Promega). Transcription levels of SOD genes (SOD1, encoding CuZn-SOD, and SOD2, encoding Mn-SOD), osteogenic marker genes (ALP, COL1A1, SPP1 (OPN), BGLAP (OCN), SP7 (OSX), and RUNX2), matrix metalloproteinase genes (MMP1 and MMP2), and GAPDH (an internal standard) were evaluated using the primer sequences listed in Table 1 . Real-time PCR was carried out using an ABI7500 Real-Time PCR System (Applied Biosystems) following the manufacturer's protocol. Relative transcript levels were calculated as cZ2 KDDCt , in which DDCtZDEKDC, DEZCt exp KCt GAPDH , and DCZCt ct1 KCt GAPDH (Ct exp , the threshold cycle for the gene of interest under experimental conditions; Ct GAPDH , the threshold cycle for GAPDH; CT ct1 , the threshold cycle for the gene of interest under control conditions).
Western blotting analysis
The BM-MSCs were lysed in ice-cold cell lysis buffer (Beyotime), containing protease inhibitors, and the protein concentration in cell extracts was quantified using a BCA protein assay kit (Beyotime). Equal amounts of protein from each extract were denatured and resolved using a 10% polyacrylamide gel, and then transferred by electrophoresis onto a nitrocellulose membrane. The membrane was incubated in diluted primary antibodies at 4 8C, overnight. A GAPDH antibody, detected using mouse monoclonal anti-GAPDH antibody, served as loading control. The membranes were then incubated in HRP-conjugated goat anti-mouse or anti-rabbit secondary antibodies (Thermo Fisher Scientific). The membranes were developed using SuperSignal West Femto Maximum Sensitivity Substrate and CL-XPosure Film (Thermo Fisher Scientific). The intensity of bands was quantified using the ImageJ Software (National Institutes of Health, Bethesda, MD, USA).
Statistical analyses
All data were expressed as the meanGS.E.M. Statistical significances of differences between two groups were determined by one-way ANOVA followed by Student's unpaired t-test, using the SPSS 13.0 Statistical Software (SPSS, Inc.). A P value of !0.05 (*) or !0.01 (**) was considered to be statistically significant.
Results

Characterization of decellularized ECM
Before testing the effects of melatonin adsorption to ECM on BM-MSCs, it was important to assay the ECM protein integrity and melatonin-binding capacity. The BM-MSCs were induced to deposit ECM and were then removed. Results obtained using immunofluorescence staining of the resulting decellularized ECM confirmed that several representative protein components remained intact throughout the decellularization process, including type I collagen, type III collagen, fibronectin, and laminin. Furthermore, DAPI staining confirmed that the decellularization procedure successfully removed the original ECMdepositing cells and any cellular residues. Decorin, a small proteoglycan found in cytoplasm or pericellular matrix, was not observed in the decellularized ECM (Fig. 1A) . Transmission electron microscopy (TEM) analysis revealed the ultrastructure of collagen fibers and basement membrane in decellularized ECM (Fig. 1B) . The diameter of a single collagen fiber was determined to be 15.8G 2.6 nm, and the basement membrane appeared to be composed of laminin (Fig. 1C) . In addition, as observed using SEM, the ECM microstructure was composed of (Fig. 1D) . The average diameter of these collagen fibrils was 301.8G90.7 nm and proteoglycans appeared to be attached to the fibrils, forming beaded filaments (Fig. 1E) .
Adsorption capacity for melatonin of decellularized ECM
We next examined the adsorption of melatonin to decellularized ECM by immunofluorescence and by HPLC. TCPS plates or plates layered with ECM were treated with 100 mM of melatonin for 72 h, and then the bound melatonin was visualized by immunofluorescence staining. Melatonin was detected on decellularized ECM ( Fig. 2A) , but not on TCPS plates (results not shown).
To assess the adsorption capacity of ECM for melatonin, the concentration of melatonin remaining in solution over time was quantified by HPLC and normalized to the initial concentration. In TCPS plates, 95.4-97.9% of the melatonin remained in solution, compared with 71.1-87.4% in ECM-layered plates, indicating that decellularized ECM provides binding sites for melatonin (Fig. 2B) . Decellularized ECM modulated melatonin-mediated effects on cell proliferation, ROS production, and SOD
To determine the effect of ECM on melatonin-mediated cell proliferation, BM-MSCs were cultured on TCPS or on ECM, supplemented with different dosages of melatonin or left unsupplemented. BM-MSCs exhibited uniform, spindle-like morphology on ECM, and multiplied to a higher cell density on ECM than on TCPS (Fig. 3A) .
The latter phenotype was due to accelerated replication; cells plated on ECM demonstrated 5.4 times greater cell proliferation, in a DNA-content-based assay, than cells plated on TCPS. At the concentrations of 10 nM, 1 mM, or 100 mM, melatonin did not affect the growth of BM-MSCs cultured on TCPS, but did increase the growth rate of cells cultured on ECM in a dose-dependent manner. Treatment with 100 mM of melatonin significantly enhanced cell proliferation, by 31.4%, of BMMSCs grown on ECM (828.3G43.2 ng DNA/well with melatonin treatment versus 630.2G39.0 ng DNA/well without; Fig. 3B ). Next, intracellular ROS production in BM-MSCs was analyzed by DCF fluorescence using flow cytometry (Fig. 4A) . With the addition of melatonin, the average level of ROS decreased by 30.1% in BM-MSCs cultured on TCPS, and diminished further in cells grown on ECM and in melatonin-supplemented cells grown on ECM (Fig. 4B) . We then examined the activity and expression of SOD. Treatment with melatonin or growth on ECM, significantly elevated the total activity of SOD, by 10.8 and 20.6%, respectively, relative to untreated and TCPScultured cells (Fig. 4C ), but SOD activity was not further elevated significantly in melatonin-treated and ECMcultured cells (Fig. 4C) . The cells cultured on ECM had significantly higher levels of SOD1 expression, by 17.8%, compared with cells grown on TCPS (Fig. 4D) . With regard to the expression of SOD2, ECM elevated the level of transcription by 15.7% compared with the cells grown on TCPS. Melatonin treatment augmented the transcription of SOD2 by 14.2% in the cells grown on TCPS and by 18.1% in the cells grown on ECM (Fig. 4E) . Since SOD enzymes play a pivotal role in neutralizing free radicals, we examined the expression of SOD1 and SOD2 proteins. Treatment with 100 mM melatonin significantly up-regulated the expression of SOD1 (by 41.2% in TCPS-cultured cells and by 84.0% in ECM-cultured cells) and up-regulated the level of SOD2 in BM-MSCs grown on decellularized ECM, by 48.5% ( Fig. 4F and G) .
Decellularized ECM enhanced osteoinductive effects of melatonin
The BM-MSCs were induced toward osteogenesis on TCPS or on ECM, with or without treatment with melatonin. Differentiated BM-MSCs were assayed for calcium deposition by Alizarin Red S stain (Fig. 5A ). Growth on decellularized ECM enhanced calcium secretion by 61.9% compared with growth on TCPS. Melatonin supplementation increased the level of mineralization by 33.1% in TCPS-cultured cells and by 30.5% in ECMcultured cells (Fig. 5B) . To evaluate the extent to which decellularized ECM modulated the effects of melatonin on osteogenic differentiation, the gene expression of osteoblast-specific markers in differentiated BM-MSCs was examined by real-time RT-PCR. Melatonin treatment and growth on ECM increased the transcription of ALP by 53.3 and 119.5%, respectively, compared with growth on TCPS without melatonin (Fig. 6A ). The expression of COL1A1 was 69.1% higher and 40.5% higher in melatonin-treated cells cultured on TCPS and on ECM, respectively, relative to the corresponding populations of untreated cells (Fig. 6B) . Similarly, the levels of BGLAP (Fig. 6C) and SPP1 (Fig. 6D ) transcription were significantly elevated when cells were grown on ECM and treated with melatonin. The transcription factors Osterix and RUNX2, encoded by SP7 and RUNX2, respectively, are critical for osteogenesis. Melatonin treatment significantly increased the transcription of SP7 in TCPS-cultured cells by 45.7% (Fig. 6E ) and up-regulated the expression of RUNX2 by 41.6% in ECM-cultured cells (Fig. 6F) .
To assess the effect of melatonin on matrix-degrading enzymes, the expression of MMP1 and MMP2 was examined. Melatonin exposure significantly decreased MMP1 expression by 57.9 and 54.1% in the BM-MSCs grown on TCPS and on ECM, respectively (Fig. 6G) . In the presence of melatonin, the transcription of MMP2 declined by 60.4% in the cells grown on TCPS and by 28.1% in the cells grown on ECM (Fig. 6H) .
The role of SOD and oxidative stress in the pro-osteogenic effects of ECM-melatonin interaction
To gain insights into the mechanisms involved in ECM modulation of melatonin-mediated effects on ROS and osteogenesis, we further investigated the role of intracellular antioxidant enzymes. Two specific SOD inhibitors, the SOD1/CuZn-SOD inhibitor DDC and the SOD2/Mn-SOD inhibitor 2-ME, were added individually to the cells grown on TCPS or ECM in the presence or absence of melatonin. Treatment with DDC slightly amplified oxidative stress in TCPS-cultured cells (PO0.05, Fig. 7A ). Treatment with 2-ME was more potent, raising ROS levels by 25.6% in TCPS-cultured BM-MSCs relative to melatonin-treated, TCPS-cultured cells (Fig. 7B) , and raising ROS levels by 45.7% in ECM-cultured cells compared with melatonin-treated ECM-cultured cells.
With regard to the expression of osteogenesis-specific genes, both DDC and 2-ME treatments inhibited osteogenic differentiation of BM-MSCs. In the presence of melatonin, treatment of TCPS-cultured cells with DDC and 2-ME resulted in down-regulation in the expression of ALP by 33.8 and 45.5% respectively (Fig. 8A) . The level of ALP expression in the BM-MSCs grown on ECM was 39.7 and 66.5% lower with DDC and 2-ME treatment, respectively, compared with melatonin treatment (Fig.  8B) . The mRNA levels of COL1A1 (Fig. 8C and D) , SPP1 ( Fig. 8E and F) , and RUNX2 ( Fig. 8G and H) exhibited the same tendency. Moreover, DDC and 2-ME treatments affected the expression of genes encoding MMPs. In TCPScultured cells, DDC treatment downregulated the transcription of MMP1 (Fig. 9A) ; however, the BM-MSCs grown on ECM had a 50.1% higher level of MMP1 expression with DDC treatment, but a 69.9% lower level with 2-ME treatment (Fig. 9B) . Supplementation with 2-ME slightly TCPS+MT  ECM+MT  ECM  TCPS TCPS+MT  ECM+MT  ECM   TCPS TCPS+MT  ECM+MT  ECM  TCPS TCPS+MT  ECM+MT  ECM   TCPS TCPS+MT  ECM+MT  ECM  TCPS TCPS+MT  ECM+MT  ECM   TCPS TCPS+MT  ECM+MT  ECM TCPS TCPS+MT ECM+MT ECM
Figure 6
Decellularized extracellular matrix (ECM) modulates the effect of melatonin on the expression of mRNA encoding osteogenesis-specific markers and matrix degrading enzymes. The concentration of melatonin used was 100 mM. The mRNA levels of ALP (A), COL1A1 (B), BGLAP (C), SPP1 (D), SP7 (E), RUNX2 (F), MMP1 (G), and MMP2 (H) were measured by real-time RT-PCR. Decellularized ECM significantly enhanced melatonin-mediated effects on the transcription of osteogenic genes, while suppressing the levels of mRNAs encoding matrix metalloproteinases (MMPs). Data are expressed as the meanGS.E.M. of four independent experiments (**P!0.01).
decreased the expression of MMP2 in TCPS-cultured BM-MSCs (Fig. 9C ), but DDC treatment up-regulated the transcription of MMP2 by 43.7% in ECM-cultured BM-MSCs (Fig. 9D ).
Discussion
Bone regeneration is triggered by the coordination of biochemical signals and the ECM microenvironment. Melatonin has been reported to stimulate osteogenic differentiation of MSCs; however, the role of native ECM in modulating the osteogenic effects of melatonin has not yet been explored. In this study, we characterized the matrix components and microstructure of cell-deposited ECM that mimicked the BM microenvironment. The adsorption of melatonin on ECM modulated the melatonin-mediated effects on cell proliferation, ROS levels, osteogenic maturation, and matrix degradation. For example, consistent with results from previous studies, we found that melatonin did not affect the growth of MSCs cultured on TCPS, but did improve the proliferation capacity of BM-MSCs cultured on decellularized ECM. The results of this study indicated that decellularized ECM provided a physiologically relevant microenvironment for investigating the biological functions of melatonin.
Decellularization of cell-deposited ECM also provides a facile method for rebuilding the stem cell niche and maintaining the characteristics of MSCs during in vitro expansion (Chen 2010) . BM-MSCs that have been expanded on decellularized ECM display a strong expression of MSC-specific surface markers such as stagespecific embryonic antigen-4 (Pei et al. 2011) . In addition, terminally differentiated cells such as articular chondrocytes and nucleus pulposus cells ) retain a robust capacity for re-differentiation on cell-deposited ECM, in contrast to their de-differentiated phenotypes in a conventional culture system. Furthermore, the superior biological performance of decellularized ECM coated on polymer-based scaffolds may be utilized in accelerating bone repair (Sadr et al. 2012) . Decellularized ECM has been proposed to mimic the in vivo stem cell niche that enhances self-renewal of MSCs, and it is believed that ECM provides a physiologically relevant BM microenvironment for BM-MSCs, thus increasing their sensitivity to exogenous chemicals such as melatonin. The composition of the ECM plays an important role in directing cell-matrix interactions and in regulating the binding of hormones, including melatonin. We found that the process of decellularization of celldeposited ECM preserved the native architecture of fibrillar collagens and a multiplicity of other matrix proteins. Type I collagen, which is retained after decellularization, is a major component of the BM ECM, and supports cell adhesion and growth by adsorbing and releasing growth factors (Hempel et al. 2012) . The presence of fibronectin and type III collagen, which are responsible for the stimulation of BM-MSC replication (Maehata et al. 2007 , Linsley et al. 2013 , in decellularized ECM has been confirmed in a recent report using proteomics analysis (Li et al. 2014) . In addition, increases in integrin a 2 levels have been observed in MSCs cultured on decellularized ECM (Pei et al. 2011) ; as a collagen receptor, integrin a 2 may promote the osteogenic differentiation of BM-MSCs (Hu et al. 2013) . However, further analyses are necessary to determine the key components in decellularized ECM that contribute to melatonin binding and, especially, to identify any low-weight proteoglycans that may play a role in melatonin adsorption to ECM.
Treatment with exogenous melatonin has been demonstrated, in previous studies, to promote osteoblast-specific gene expression in MSCs ; however, the simulating effect of hormones on lineage-specific differentiation of MSCs is influenced by their circumambient ECM (Sun et al. 2011) . For example, osteoblastic maturation of BM-MSCs is regulated by growth factors, cytokines, hormones, and other chemical signals secreted by the surrounding cells in the BM, such as osteocytes, osteoclasts, and adipocytes, into the ECM. In this study, the ECM enhanced the effects of melatonin on BM-MSC mineralization, an important process in bone development and, in combination with melatonin, increased mRNA expression of osteogenic markers, including RUNX2 and SP7, which encode essential transcription factors that regulate the expression of downstream genes responsible for skeletal development and bone formation (Franceschi & Xiao 2003 , Zhou et al. 2010 .
The mechanisms underlying the enhancement of osteogenic differentiation by ECM with bound melatonin remain unclear. Our results indicated that one of the potential mechanisms could be the up-regulation of antioxidant enzymes that attenuated the accumulation of intracellular free radicals and ROS. Although ROS are necessary for initiating osteoblastic development (Wang et al. 2004 ), their overproduction not only results in cellular apoptosis but also impairs osteoblast maturation (Feng et al. 2013) . Similarly, intracellular ROS play a dual role in melatonin-mediated cell proliferation. The intermediate levels of ROS generation stimulate myoblast proliferation via the activation of extracellular adenosine 5 0 -triphosphate (Sciancalepore et al. 2012) ; however, high Author contribution statement F H and X L designed the study, performed experiments, and wrote the manuscript. L Z performed the western blotting analysis and analyzed the data. K X, S C, G P, and W C participated in carrying out experiments, analyzing data, and revising the manuscript. Z-P L and M P participated in the conception of the study and revision of the manuscript. Y G designed the study and wrote the manuscript. All authors approved the final version to be published.
